Quantum kinetic transport under high electric fields is investigated with emphasis on the intracollisional field effect (ICFE) in low-dimensional structures. It is shown that the ICFE in GaAs one-dimensional quantum wires is already significant under moderate electric field strengths (> a few hundreds V/cm). This is a marked contrast to the cases in bulk, where the ICFE is expected to be significant under extremely strong electric fields (> MV/cm). Employing the Monte Carlo method including the ICFE, the electron drift velocity in quantum wires is shown to be much smaller than that expected from earlier investigations.
INTRODUCTION
The fast development of semiconductor devices has brought about renewed interest in high-field carrier transport in semiconductors. Among others, the breakdown of the semiclassical Boltzmann transport equation under high electric fields, on which most conventional analyses of carrier transport in semiconductor devices are based, has been widely predicted.J1] However, the predicted electric field strengths under which the semiclassical treatment of carrier transport is-supposed to break down vary from several tens kV/cm to MV/cm. Therefore, our understanding of quantum carrier transport under high electric fields is still immature. In the present paper, we investigate the quantum effects in electron transport from a rather different point of view; we apply the quantum kinetic transport equation (the Barker-Ferry equation [2] ) to low-dimensional structures so that the quantum effects are, in some cases, more pronounced than in the three-dimensional (3-D) bulk cases and their physical meanings become more transparent.
We consider ideal 1-D GaAs quantum wires and investigate the intracollisional field effect (ICFE) on electron transport via the Monte Carlo method. [3] To the best of our knowledge, this is the first time the ICFE on high-temperature electron transport in lowdimensional structures has been taken into account.
Since the ICFE is mainly ascribed to the energy change of an electron by the electric field during the collision duration with phonons, [2] {S(rl,ke)A-q(t) S(-rl,ke)A(t)}, (2) where the spectral density S(TI, k F) is given by S(rl,k) Fig. 1 . The electric field is assumed to be directed to the negative direction. Notice that the direction to which the spectral density is skewed is dependent on the direction of the electron motion; when the electron propagates against the electric field [ Fig. (a) ], the spectral density shifts It is clear from Fig. that the ICFE essentially consists of two different effects: (1) the energy-conserving delta function is broadened and (2) the energy detuning (zero-point) is shifted. Both effects are directly related to the strength and the direction of the electric field, and the magnitude of both the broadening and the shift, A F, is approximately given by A-"2: (4) where m* is the electron effective mass. We would like to stress that A F is dependent of the direction of the phonon wave-vector, or equivalently, of the electron motion. Since the electron motion is strictly confined along the electric field in 1-D quantum wires, A F is always finite and, thus, the ICFE is always effective. On the other hand, the ICFE is not always significant in 3-D bulk because electrons can move in any direction.
QUANTUM TRANSPORT IN 1-D QUANTUM WIRES
The quantum kinetic equation described in the previous section can be easily applied to ideal 1-D quantum wires in GaAs. For simplicity, we assume that the rectangular quantum wire with the size 30 nm is formed by an. infinitely deep potential well and only the lowest subband is occupied. In addition, only the Fr6hlich optical phonon scattering in bulk mode is considered. Since the emphasis of the present analyses is on how the dynamical quantum effects affect electron transport in 1-D quantum wires, the details of the scattering modes related to the low-dimensional structure itself essentially do not change the present results. Figure 2 shows the Fr6hlich scattering rates (solid and dashed lines) obtained from the spectral density Eq. (3) under two different field strengths; F 100 and 500 V/cm. As well known from earlier studies on the collisional broadening (CB), [6] the divergence of the scattering rate, indicated by dotted lines in Fig. 2 , is associated with the 1-D density of states and removed by the energy broadening in the spectral density. Notice that the divergence is mainly due to the phonon emission processes so that the divergence occurs at the LO phonon energy (--36 meV). The major feature associated with the ICFE is, however, that the scattering rates become asymmetric with respect to the direction of the electron motion. This is closely related to the shift of the energy detuning in the spectral density, as already seen in Fig. 1 , and can be explained as follows. When an electron moves against the electric field, it gains energy from the electric field during the collision duration with phonons. Therefore, it can emit an LO phonon even if the electron energy is smaller than the threshold energy for phonon emission. In other words, the phonon energy is effectively reduced when the electron moves against the electric field, and the scattering rate shifts to the lower energy-side. On the other hand, an electron loses its energy when it moves along the electric field and, thus, the phonon energy is effec-tively increased. As a result, the scattering rate shifts to the higher energy-side.
The transport characteristics could be determined from the quantum kinetic equation described in the previous section. Since the quantum kinetic equation is almost identical to the Boltzmann transport equation, conventional Monte Carlo methods can be applied to numerically solve it by substituting a proper spectral density in the collision integral instead of the energy-conserving delta function. [5] Unfortunately, the spectral density shown in Fig. is 2 ) is, as a whole, more conducive to electron transport than that shifted to the higher energy-side (represented by dashed lines in Fig. 2 ). Furthermore, the large peak in the phonon scattering rate indicates the electron transport characteristics is dominantly controlled by electrons with energy below the phononemission threshold energy unless the electric field is extremely strong. Therefore, a slight change in the phonon scattering rates greatly affects the drift velocity and, thus, the ICFE is already significant under moderate electric fields, which is in marked contrast to bulk cases.
CONCLUSIONS
High-temperature quantum kinetic transport under high electric fields has been investigated with emphasis on the intracollisional field effect (ICFE) in lowdimensional structures. We have shown that the ICFE in GaAs one-dimensional quantum wires is already significant under moderate electric field strengths (> a few hundreds V/cm) because of the strong restriction on the electron motion imposed by the low-dimensional structures. Employing the Monte Carlo method including the ICFE, it has been shown that the electron drift velocity in quantum wires could be much smaller than that expected from earlier investigations.
